The ratio of the Larmor frequencies of 33S and 85Rb has been measured and a magnetic moment for 33S of u(33S in S042-in D.,0) =0.643 1028(14)/^x has been calculated. 33S chemical shifts have been determined and the S042-ion in aqueous alkali sulfate solutions is proposed as 33S NMR reference compound.
Introduction
The nuclear magnetic moment of 33S has been determined in 1951 by Dharmatti and Weaver1 by measuring the ratio of the Larmor frequencies of 33S in CS2 and 14N in 3.2 normal HN03 with low accuracy, since 14N is not a good reference nucleus because of the large chemical shifts, and the only few preliminary NMR investigations of 33S showed also large chemical shifts and broad NMR lines 2.
Searching for better conditions we have at first done NMR measurements on 33S mainly in aqueous solutions of alkali sulfates. We found that the NMR linewidths of 33S in aqueous rubidium sulfate solu tions are small and 85Rb is a better reference nucleus than 14N. Further, we measured the ratio of the Larmor frequencies of 33S and 85Rb in an aqueous Rb2S04 solution and used the well known nuclear magnetic moment of 85R b3:4 for calculating the nuclear magnetic moment of 33S. Experimental 33S is the only sulfur isotope which has a non zero spin of 7 = 3/2. It has a natural abundance of 0.74%. The consequence is a low relative sensitivity of the 33S NMR signal, which is about 3 10~7 in a 1.5 molal aqueous solution of Rb2S04 compared with 1 for the proton NMR signal in this solution.
This fact and the quadrupolar broadened NMR lines of 33S are the reasons for the scarceness of known NMR studies of 33S 2' 5-7, though sulfur plays an important role in chemistry. But Fourier transform NMR spectroscopy is now a very appro priate method for studying the weak 33S NMR signal in a reasonable time.
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The Larmor frequency of 33S is about 5.906 MHz and that of 85Rb is about 7.428 MHz in our magne tic field of 1.807 tesla, which is held constant with the aid of a "Li NMR probe8. Both signals have been observed by a Bruker B Kr 322s pulse spectro meter. For getting a reasonable signal-to-noise ratio an appropriate number of pulse responses has been summed by a Hewlett Packard signal analyzer type 5480A. The Fourier transformations were cal culated by the CDC 3300 computer of the Zentrum für Datenverarbeitung der Universität Tübingen.
In our systematical investigations of the 33S che mical shifts in aqueous solutions of Rb2S04 and Cs2S04 and for the measurement of the ratio of the Larmor frequencies of 33S and 85Rb we have ob served the 33S NMR signal by the QFT method9. halfwidth of 70 Hz of this absorption curve is due to the QFT technique. The achieved signal-to-noise ratio is about 30 within an accumulation time of 12 minutes. In pure CS2 , in various concentrations of H2S04 , and in aqueous solutions of CdS04 and A12(S04)3, where the signals are broader than 70 Hz, we observed the free induction decay of the 33S NMR signal. The chemical shifts were measured relatively to an external standard by the sample substitution techni que; we have chosen the NMR signal of 33S in a 4 molal solution of Cs2S04 in D20 as our external standard. The chemical shift is given by (5 = Sample^standard > a positive value means a shift to higher frequency at constant field. Cylindrical samples of 10 mm diameter were used, no bulk susceptibility corrections were made, since they are smaller than the other errors.
Concentrations are given as moles salt per 1000 g solvent. The temperature for all the measurements was (303 ± 3)K.
Chemical shifts of 33S
Studying chemical shifts in NMR spectroscopy one prefers an intensive and narrow NMR line as a reference line. Further, it is of considerable value for the investigation of spectra if such a reference line is situated at either end of the spectrum. In a recent investigation Retcofsky et al. 2 have proposed the NMR signal of 33S in CS2 as a reference signal for 33S, because they have found for carbon di sulfide the narrowest 33S resonance of the few in vestigated organic compounds. But the halfwidth is still about 300 Hz and the signal is situated almost in the middle of the range of the 33S chemical shifts as far as it is known by now.
We have chosen a 4 molal solution of Cs2S04 in D20 as our reference standard. The reasons for this choice are: The linewidths of the 33S signals of aqueous alkali sulfate solutions are very small com pared with that of CS2, the solubility of Cs2S04 is large enough for getting an acceptable signal within a reasonable time, and the Larmor frequency of this solution is the highest 33S frequency at constant field of the measured 33S NMR signals.
The results of our measurements, referred to the above reference standard, are given in Table 1 this linewidth is due to the QFT-technique 9, the natural linewidth is less than 40 Hz.
known chemical shifts have negative sign in our re ference scale. Further there is no dependence of the Larmor frequency on the concentration and on the salt in the alkali sulfates within the limits of error of about 1 ppm. Therefore, the sulfur signal of the S 042~ ion in aqueous alkali sulfate solutions is a good reference standard for 33S chemical shifts.
The ratio of the Larmor frequencies of 33S and 85Rb and the magnetic moment of 335
The ratio of the Larmor frequencies of 33S and 85Rb was determined in a 1.5 molal Rb2S04 solu tion in DoO. The Larmor frequencies were measured alternately in the same probe and sample at constant field only by varying the excitation frequency. 52 measurements of the ratio were carried out at four different days. The result is: v(33S )/r (85Rb) = 0.795 0273 (14).
The uncertainty is due to two times the standard deviation. The linewidth of the 85Rb signal was about 300 Hz.
Using the ratio r (85Rb)/v (2H) = 0.628 9736 (3) of Ref. 4 measured in a 6 molal solution of RbCl in DoO, and taking into account the measured chemical shifts of 85Rb of (15.2 ±0.7) ppm and 2H of (0 ± 0.2)ppm between the RbCl and Rb2S04 solu tion, we derive the ratio:
i'(33S ) M 2H) =0.500 0436 (10) for the 1.5 molal Rb2S04 solution. Now we extrapolate this ratio for vanishing con centration of rubidium sulfate by regarding the con centration dependence of the Larmor frequencies of 33S and 2H on the rubidium sulfate concentration. These dependencies are small. The result is:
[v (33S )/j'(2H) ] extrapoI. = 0.500 0436 (11).
This result gives the ratio of the Larmor frequencies of 33S in the S042-ion for vanishing concentration of salt and of 2H in pure D20. From this ratio we can derive a nuclear magnetic moment using r ( 2H)/»'(1H) =0.153 506 083(60) of Smaller 10 and the uncorrected magnetic moment of the proton in water //p = 2.792 709 (17) jiiy; of Tay lor et al. We get:
ii (33S in S042-in D20) =0.643 1 0 2 8 (1 4 )/^. This moment is affected by the uncertainty of the magnetic moment of the proton and is not cor rected for the magnetic shielding of 33S in the hydrated S042~ ion. The positive sign results from reference 1. We get the same result, using our measured ratio of the Larmor frequencies, the magnetic moment of 85Rb measured in free atoms by White et al. 3 and the shielding constant of 85Rb 4 in the Rb2S04 solu tion.
The value of the magnetic moment of 33S in CS2 of Dharmatti et a l.1 ^( 33S in CS2) =0.642 92 (14) is, if one takes into account the 33S chemical shift
